Woodford Shale samples, obtained from a cored outcrop in southeastern Oklahoma, were geochemically analyzed to determine vertical variations of organic facies, thermal maturity, and an evaluation of their depositional environments. Total organic carbon values ranged from 5.01 to 14.81%, indicating a good source rock potential. In this area, the Woodford Shale is marginally mature, as indicated by vitrinite reflectance values. Rock-Eval data revealed that the samples are dominated by type II kerogen. Biomarker ratios, based on pristane, phytane, steranes, and hopanes, show a mix of marine and terrigenous organic matter. High-salinity conditions and water density stratification also prevailed during deposition of this formation, as indicated by the presence of gammacerane.
INTRODUCTION
The Woodford Shale (Upper Devonian-Lower Mississippian), once only considered as a source rock for oil and natural gas in the southern mid-continent, has recently evolved as an important shale gas play because of its high hydrocarbon potential. In southcentral and southeastern Oklahoma, this formation mainly yields gas and, to a lesser extent, oil (Cardott, 2005; Comer, 2007) .
Considering shales as uniform stratigraphic sequences in terms of physical and chemical properties is common. However, it has been demonstrated that a more detailed analysis of this source and now also reservoir rocks can provide greater insights about variations in the depositional and environmental factors that influenced its deposition (Hester et al., 1990; Hickey and Henk, 2007; Loucks and Ruppel, 2007; Singh, 2008; Slatt et al., 2009a, b, c, d) .
Moreover, industry and academia have worked together to evaluate shale gas characteristics (e.g., shale type, organic content, porosity, permeability, maturity, frac-ability, gas content, reservoir thickness, and volumetrics, among others) with the aim of defining sweet spots, gas fairways, or producible areas of economic potential (Schmoker, 2002; Jarvie et al., 2005 Jarvie et al., , 2007 Schenk, 2005; Boyer et al., 2006; Gale et al., 2007; Pollastro, 2007) . In this regard, geochemistry is an important factor in shale gas evaluation. Different approaches and techniques have been used to determine maturity and organic content of shales: organic matter type, quantity and provenance, thermal maturity, type of hydrocarbons generated, the function of clay minerals in concentrating organic matter within the reservoirs, depositional settings, and burial history modeling. This information has been integrated with information from other disciplines such as geology, geophysics, reservoir engineering, and petroleum engineering to determine shale gas potential and attempt to define petroleum systems for these types of plays (Curtis, 2002; Jarvie et al., 2005 Jarvie et al., , 2007 Hill et al., 2007a, b; Philp, 2007; Pollastro et al., 2007; Zhao et al., 2007; Kinley et al., 2008; U.S. Geological Survey, 2009) .
The main objective of this study is to geochemically characterize the Woodford Shale in terms of organic richness, organic matter type, hydrocarbon generation potential and thermal maturity, variations in organic matter sources, and depositional environments, which are linked to the geology and sequence stratigraphy of this play in southeastern Oklahoma.
REGIONAL GEOLOGY
The Woodford Shale is an organic-rich black shale characterized by the presence of chert, siltstone, sandstone, dolostone, and light-colored shale. In addition, laminations of reddish-brown clay and organic matter with scattered siliceous spheres, lenses, and opaque minerals can be found. Phosphate nodules, pyrite concretions, and calcite concretions are early diagenetic products and related to oxidation of organic matter by anaerobic organisms (Kirkland et al., 1992; Comer, 2007) . The basal sediments of the Woodford Shale correspond to the Misener-Sylamore Sandstones. The Woodford unconformably overlies the limestones and dolomites of the Hunton Group (Silurian-Devonian). In the Arkoma Basin, the Caney Shale conformably overlies the Woodford Shale (Figure 1 ) (Ham, 1973; Sullivan, 1985; Northcutt et al., 2001; Portas, 2009) . Kirkland et al. (1992) considered several factors that could have contributed to the preservation of organic matter within the Woodford Shale. One of the most important was the establishment of anoxic bottom-water conditions that inhibited the activity of aerobic microorganisms. Under these conditions, the algal organic matter is resistant to bacterial degradation. These factors, combined with a slow sedimentation rate, generated organic-rich source rocks during the Late Devonian.
Several authors have divided the Woodford Shale into different informal stratigraphic units based on lithology and well responses (Ellison, 1950) , palynomorph distributions (Urban, 1960) , geochemistry (Sullivan, 1985) , log character and kerogen content (Hester et al., 1990) , and gammaray logs (Krystyniak, 2003; Paxton et al., 2007) . The subdivision of upper, middle, and lower Woodford Shale members presented in this work is broadly similar to these previously proposed zonation schemes.
SAMPLES AND METHODS
The Wyche 1 well was drilled, cored, and logged behind an active quarry in the Wyche shale pit, Pontotoc County, as part of a University of OklahomaDevon-Schlumberger project. The walls within the quarry reach more than 50 ft (>16 m), exposing the Woodford Shale in three dimensions (Figure 2 ). The core is 200 ft (61 m) long, but the basal contact of the Woodford Shale with the Hunton Limestone can only be observed in the suite of logs that were run for this well (Figure 3) (Portas, 2009) . A total of 20 core samples were selected according to the intervals of interest on a simultaneous stratigraphic study. The samples were subjected to several geochemical analyses, including Rock-Eval pyrolysis, total organic carbon (TOC), and vitrinite reflectance (R o ). In addition, crushed rock extracts were subjected to gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) for biomarker analyses. A list of all the Woodford Shale samples analyzed is presented in Table 1. A summary of the laboratory techniques used in this project is depicted in Figure 4 . Details of the experimental procedures are presented in the Appendix. 
RESULTS AND DISCUSSION

Source Rock Characterization
Total organic carbon values range between 5.01 and 14.81%, with the minimum value observed at a depth about 160 ft (∼49 m), which are indicative of very good to excellent potential source rocks (Peters, 1986; Peters and Cassa, 1994) (Table 2) . Geochemical logs for the Wyche 1 well were constructed to illustrate variation of Woodford Shale TOC with depth ( Figure 5 ). Two breaks occur at about 118 and 185 ft (∼36 and 56 m), which could be attributed to a change in lithologic or mineralogical characteristics of the unit. Slatt et al. (2011) established important facies changes across these depths that were used to define the upper-middle and middle-lower Woodford Shale boundaries. In addition, Buckner et al. (2009) observed a major change in log signatures from the Wyche 1 well at about 118 ft (∼36 m) primarily indicated by an increase in gamma-ray and decrease in resistivity values (T. N. Buckner, 2010, personal communication) . This change was used to determine the boundary between the upper and middle Woodford. Slatt et al. (2011) also observed variations on different electrical logs at about 175 ft (∼53 m), which were attributed to the middle-lower boundary of the Woodford Shale. For the Wyche 1 well, a core-to-log correction of about 10 ft (∼3 m) should be made because a depth shift occurred when the core was taken (T. N. Buckner, 2010, personal communication) . The core broke at 160 ft (49 m) and separated for about 10 ft (∼3 m). The core gamma scan and the rock sampling considered this gap as a missing section, not as a depth shift in the lower section of the core. However, when comparing the gamma-ray log with the core gamma scan ( Figure 5 ), it can be observed that the gap in the log actually corresponds to a depth shift in the core. Therefore, petrophysical interpretations are consistent with the geochemical variations observed on Figure 3 . Gamma-ray, resistivity, neutron density, and photoelectric (PE) factor logs for the Wyche 1 well (Buckner et al., 2009 ). Subdivision of the Woodford Shale members is based on analysis of geologic and geochemical data. Squiggles represent unconformities. ATH = array induction two-foot resistivity (numbers indicate depth of penetration in feet); DPHZ = standard resolution density porosity; NPHI = thermal neutron porosity.
the samples from this study. In consequence, we propose that the core analyzed contains the three Woodford Shale members commonly described in the literature (Ellison, 1950; Urban, 1960; Sullivan, 1985; Hester et al., 1990; Lambert, 1993; Krystyniak, 2003; Paxton et al., 2007; Comer, 2008; Slatt et al., 2011) .
A modified Van Krevelen diagram ( Figure 6 ) shows the distribution of all the Woodford Shale samples analyzed. However, variations of this parameter within this sample set can be attributed to differences in organic facies. The upper and middle Woodford members are grouped together, possibly indicating a similar organic facies, whereas the lower member samples are more scattered. Woodford samples from the Wyche 1 well have high hydrogen index (HI) values (>300) and appear to be dominated by type II kerogen. The marine origin for the Woodford Shale is undisputable (Kirkland et al., 1992; Fritz and Beaumont, 2001; Northcutt et al., 2001) , and because of its age, the input of higher plant material should have been minimal. In consequence, the high HI values obtained from the organic matter of these samples were likely caused by the predominance of marine algae, which is hydrogen rich, similar to lacustrine algae. The overall high HI and S 2 /S 3 values (Table 2) indicate that the Woodford Shale samples are mainly oil prone according to the guidelines proposed by Peters (1986) and Peters and Cassa (1994) .
Measured and calculated R o values (Table 3) show that the Woodford Shale samples have a low . Schematic workflow used in the laboratory analysis. TOC = total organic carbon; CH 3 OH = methanol; CH 2 Cl 2 = dichloromethane; HPLC = highperformance liquid chromatography; NSO = nitrogen, sulfur, oxygen (polar) compounds or resins; GC = gas chromatography; GC-MS = gas chromatographymass spectrometry. *S 1 = free volatile hydrocarbons (HCs) thermally flushed from a rock sample at 300°C (free oil content); S 2 = products that crack during standard Rock-Eval pyrolysis temperatures (remaining potential); S 3 = organic carbon dioxide released from rock samples; T max = temperature at peak evolution of S 2 HCs; HI (hydrogen index) = S 2 × 100/total organic carbon (TOC); OI (oxygen index) = S 3 × 100/TOC; S 2 /S 3 = type of HCs generated; S 1 /TOC = normalized oil content; PI (production index): S 1 /(S 1 + S 2 ) (or transformation ratio).
thermal maturity, indicating that, in this area, this formation has not yet entered the oil window. As a consequence, any Woodford Shale gas present in this area has likely been generated in association with oil.
Biomarker Analysis
Gas chromatograms for the saturate fractions of the Woodford Shale samples ( Figure 7 ) do not show much variability. All the samples exhibit unimodal distributions of n-alkanes toward the low-carbon number members (<n-C 24 ) and with a maximum about n-C 15 , but no odd or even predominance. Because these samples are immature, the absence of odd or even predominance and the low quantities of high-molecular-weight compounds indicate a predominance of marine organic matter input. In general, phytoplankton, zooplankton, and benthic algae are the main organisms that contribute to marine organic matter showing similar n-alkane distributions (Tissot and Welte, 1978; Jones and Philp, 1990) . These characteristics are comparable to previous studies on the Woodford Shale presented by Burruss and Hatch (1989) , Philp et al., (1989) , Jones and Philp (1990) , and Wang and Philp (1997) . Pristane (Pr) and phytane (Ph) were identified on the gas chromatograms of the saturate fraction isolated from the bitumen extracts. The Pr/Ph ratios for the Woodford Shale samples range from 1.11 to 3.48 (Table 4) . A geochemical log of Pr/Ph ratios for the Wyche 1 well (Figure 8 ) exhibits slight A diagram of Pr/n-C 17 versus Ph/n-C 18 ratios for the Woodford Shale samples is presented as Figure 9 (Hunt, 1995) . Most of the samples plot along the mixed organic matter field, reflecting the input of marine and terrigenous organic matter during Woodford deposition.
Sterane distributions for the Woodford Shale samples were determined through analysis of saturate and branched and cyclic fractions by GC-MS monitoring the ion at the mass-to-charge ratio (m/z) 217. The sterane distribution for one of the upper Woodford samples is in Figure 10 , and peak identifications are presented in Table 5 . In general, the C 29 steranes are relatively more abundant than the C 27 and C 28 steranes; however, Volkman (1986) suggested that this distribution does not necessarily indicate a higher terrigenous organic matter input. The relative proportions of the C 27 , C 28 , and C 29 regular steranes were plotted on a ternary diagram ( Figure 11 ) to determine variations resulting from organic matter source and depositional environment. According to the regular sterane ternary diagram developed by Moldowan et al. (1985) , the Woodford Shale samples are clustered within the marine source rocks older than 350-Ma field, which approximately corresponds to the age and depositional environment of the source rocks analyzed. Therefore, in this case, the presence of C 29 steranes in the Woodford Shale samples not only represents a contribution of terrigenous organic matter to the source rocks, but also the input of marine algae.
The C 30 steranes (24-n-propylcholestanes) are derived from 24-n-propylcholesterols, which have been synthesized by marine algae since the Early Ordovician and the Devonian (Moldowan et al., 1990) . A plot of the biomarker ratio C 30 steranes (20R)/C 29 steranes (20R) ( Table 4) first suggested by the Pr/n-C 17 and Ph/n-C 18 ratios ( Figure 9 ). The C 30 steranes (20R)/C 29 steranes (20R) ratio shows a decrease in the lower member and then a steady increase going upward in the sequence to the middle and upper members. This variation could account for a higher terrigenous input when the lower member was deposited and a predominance of marine organic matter input during deposition of the middle and upper members. This interpretation is consistent with the observations made by Urban (1960) in his analysis of the occurrence and distribution of microfossil assemblages within the different members of the Woodford Shale.
Hopane distributions determined by GC-MS from the m/z 191 chromatograms are shown in Figure 12 , and peak identifications are given in Table 6 . The hopane/sterane ratio (Table 4) has been used to qualitatively determine prokaryote (bacteria) versus eukaryote (plankton and benthic algae) input. Hence, high hopane/sterane ratios reflect a dominant bacterial contribution generally related to terrigenous or reworked organic matter, whereas low ratios indicate major planktonic and/ or benthic algae input associated with marine environments (Moldowan et al., 1985; Peters et al., 2005) . The geochemical log for the Wyche 1 well (Figure 8 ) shows significant variations in the hopane/sterane ratio within the middle Woodford and a general decrease of these values from the lower to the upper members, suggesting a change from terrigenous to marine organic matter going upward in the sequence. This observation coincides with the C 30 steranes (20R)/C 29 steranes (20R) ratio previously described.
The distribution of the extended hopanes or homohopanes (C 31 -C 35 ) (Figure 12 ) has been used to evaluate redox conditions based on the intensity of the C 35 homohopane compared with the C 34 homolog. Relatively high C 35 homohopane concentrations relative to C 34 are indicative of anoxic conditions in the water column during sediment deposition (Peters et al., 2005) . With increasing depth (Figure 12 ), it seems that the intensity of the homohopane distribution in the Woodford Shale samples decreases relative to the tricyclic terpanes. Initially, one would think this is probably reflecting a maturity increase; however, because only 200 ft of section is being considered, this variation is unlikely to be related to thermal maturity and more likely reflects an organic facies change. The intensity of the C 35 homohopane remains relatively high, suggesting the existence of reducing marine conditions that allowed accumulation and preservation of the organic matter during Woodford Shale sedimentation and diagenesis.
The most abundant terpane is the C 30 hopane (C 30 17a[H], 21b[H]-hopane), followed by the C 23 tricyclic terpane (Figure 12 ). The ratio C 23 tricyclic (cheilanthane)/C 30 hopane has been used to evaluate biomarkers derived from bacterial or algal sources (tricyclics) against biomarkers derived from prokaryotes (hopanes) (Peters et al., 2005) . For the Wyche 1 well (Figure 8 ; Table 4 ), the ratio increases with depth, possibly indicating a higher input of marine algae going down in the sequence. In any case, the relative abundance of the C 23 tricyclic terpane is another indicator that confirms the input of marine organic matter into the Woodford Shale sediments. Gammacerane was also identified in the m/z 191 chromatograms of the Woodford Shale extracts (Figure 12 ). Gammacerane is a very good indicator of water column stratification during sedimentation in marine and nonmarine environments and is commonly associated with hypersaline conditions at depth (Moldowan et al., 1985; ten Haven et al., 1989; Sinninghe Damsté et al., 1995; Peters et al., 2005) . The geochemical log for the Wyche 1 well (Figure 8 ), featuring the gammacerane index (gammacerane/gammacerane + C 30 hopane), shows a higher proportion of gammacerane in the middle Woodford. This observation suggests that water stratification and salinity was an important factor in middle member deposition compared with the upper and lower members. Peters et al. (2005) indicated that a high gammacerane index resulting from water salinity and stratification correlates with a decrease in Pr/Ph ratios because of a low oxygen content in bottom waters. This relationship between gammacerane and Pr/Ph ratios is observed Table 7 ). Philp et al. (1981) proposed that these compounds might originate from thermal maturation of tricyclic diterpenoids, which in turn were derived from higher plant resins. However, drimane and homodrimane have been found in all types of oil and sediments, suggesting an origin from a widespread source. Structural analysis of the drimanes pointed to hopanoids as a potential precursor. This possibility makes it less likely that these compounds should be considered highly specific indicators of terrigenous organic matter (Alexander et al., 1984; Weston et al., 1989) . However, eudesmane has been characterized as a derivative of the higher plant precursor eudesmanol; for that reason, it has been used as a biomarker for terrigenous organic matter (Philp and Gilbert, 1985; Dzou et al., 1995) . Homodrimane (m/z = 123; peak 9) was widespread among all the Woodford Shale samples. On the contrary, eudesmane (m/z = 193; peak 2) was mainly present in the lower Woodford Shale, which suggests the presence of terrigenous organic matter during deposition of this member.
Aryl isoprenoids have been described as being derived from isorenieratene, a diaromatic carotenoid pigment produced by the green sulfur bacteria Chlorobiaceae (Brown and Kenig, 2004) . Anoxic *Ratios were calculated based on peak heights. Pr = pristane; Ph = phytane; n-C 17 = C 17 normal alkane; n-C 18 = C 18 normal alkane; Hop = hopanes; Ster = steranes; C 23 tricyc = C 23 tricyclic terpane; Gamm Index = gammacerane index; C 29 ster = C 29 steranes; AIR = aryl isoprenoid ratio; n.d. = not determined. Figure 8 . Geochemical logs showing different biomarker ratios for the Wyche 1 well. AIR = (C 13 -C 17 /C 18 -C 22 ) 2,3,6-trimethyl-substituted aryl isoprenoids; C 29 sterane/aryl isoprenoids = C 29 sterane (20R)/2,3,6-trimethyl-substituted aryl isoprenoid; C 18 aryl isoprenoids ratio = C 18 2,3,6-trimethyl-substituted aryl isoprenoid/C 18 3,4,5-trimethyl-substituted aryl isoprenoid. Miceli Romero and Philp waters and the presence of H 2 S and light are required for Chlorobiaceae to photosynthesize. Hence, aryl isoprenoids are good indicators of photic zone anoxia (PZA) and can be used as a geochemical parameter in paleoenvironmental studies.
Aryl isoprenoids were detected in the Woodford Shale samples by GC-MS of the saturate fraction and monitoring ions at m/z 133, 134. Although these compounds have an aromatic ring in their structure, they tend to elute with the saturate hydrocarbons (Brown and Kenig, 2004) because of the presence of the long acyclic side chain substituent. The compounds identified were a series of C 13 -C 31 aryl isoprenoids, but in most samples, this series extended only up to C 24 (Figure 14) . The 1-alkyl-2,3,6-trimethylbenzenes (m/z = 133) were the most abundant in all samples, whereas the 1-alkyl-3,4,5-trimethylbenzenes (m/z = 134) were present in lower concentrations. Based on compound-specific d 13 C analysis for different carotenoid derivatives, Koopmans et al. (1996) determined that the 2,3,6 trimethyl-substituted aryl Table 5 .
isoprenoids are also derived from b-isorenieratane and b-carotane, ruling them out as specific biomarkers for photic zone euxinia. However, similar isotopic analysis for the 3,4,5-trimethyl-substituted aryl isoprenoids indicates that they are derivatives of Chlorobiaceae (Brown and Kenig, 2004) . As a result, their presence in the Woodford Shale samples provides evidence of Chlorobiaceae and the occurrence of euxinic conditions up to the photic zone during Woodford deposition.
An interesting observation from the samples in the Wyche 1 well is an increase in the proportion of the 3,4,5-trimethyl-substituted aryl isoprenoids relative to the 2,3,6-trimethyl-substituted aryl isoprenoids in the middle member (Figure 14) . The differences in concentration between the 2,3,6-and 3,4,5-trimethyl-substituted aryl isoprenoids may be a consequence of the redox conditions prevailing within the depositional environment. To verify this hypothesis, a C 18 aryl isoprenoid ratio (AIR) was calculated, corresponding to the proportion of the C 18 2,3,6-trimethyl-substituted aryl isoprenoid versus the C 18 3,4,5-trimethylsubstituted aryl isoprenoid. The geochemical log of the C 18 AIR for the Wyche 1 well (Figure 8 ) showed an abrupt decrease about 118 ft (∼36), making it easy to define the upper-middle Woodford boundary. In addition, a slight increase of this ratio about 185 ft (∼56 m) coincides with the middle-lower Woodford boundary. The low values of the C 18 AIR for the samples of the middle member coincide with low Pr/Ph ratios, indicating Figure 11 . Ternary diagram of C 27 , C 28 , and C 29 steranes for the Woodford Shale samples (plot template from Moldowan et al., 1985) .
that the presence of anoxia possibly led to the preservation of the 3,4,5-trimethyl-substituted aryl isoprenoids. In addition, from the m/z = 133 + 134 fragmentograms (Figure 14) , it can also be observed that the intensity of the C 13 -C 17 2,3,6-trimethylsubstituted series is lower within the middle member compared with the intensity of the C 18 -C 22 2,3,6-and the 3,4,5-trimethyl substituted aryl isoprenoids. Long-chain aryl isoprenoids are commonly altered under oxic-suboxic conditions to short-chain aryl isoprenoids. This observation suggests that anoxic conditions were a very important Figure 12 . The m/z 191 fragmentograms showing terpane distribution in the saturate fractions of the Wyche 1 well. Peak identification is presented in Table 6 .
factor for preservation of long-chain aryl isoprenoids and the 3,4,5-substituted homologs during sediment deposition and diagenesis of the middle Woodford. The C 29 sterane/AIR was calculated from the C 29 steranes (20R) and the aryl isoprenoid peaks using the summed mass chromatograms of the m/z 217 + 218 and m/z 133 + 134 ions, respectively (Figure 15) , and lower values indicate a higher proportion of aryl isoprenoids in the samples. On the geochemical log for this ratio, it can be observed that a significant change in the distribution of these compounds exists in the upper-middle Woodford boundary (Figure 8 ). This variation may indicate a change in redox conditions from anoxic H 2 S waters during middle Woodford deposition to dysoxic to suboxic conditions during deposition of the upper member. A small increase of this ratio about 185 ft (∼56 m) suggests dysoxic to anoxic conditions for the lower member.
Because aryl isoprenoids are indicative of the existence of PZA during sediment deposition, a more specific evaluation of the distribution of the 2,3,6-trimethyl substituted aryl isoprenoids was undertaken. The AIR was defined by Schwark and Frimmel (2004) to assess the variability and extent of PZA by calculating the proportions of the shortchain (C 13 -C 17 ) against the intermediate-chain (C 18 -C 22 ) 2, 3, 6-trimethyl substituted aryl isoprenoids. According to these authors, episodic PZA leads to alteration of the long-chain, high molecular weight aryl isoprenoids resulting in high AIR values (3.0). Conversely, persistent periods of PZA allow preservation of the long-chain aryl isoprenoids resulting in a low AIR (0.5). A depth profile of this ratio for the Wyche 1 well (Figure 8) shows a sharp decrease about 118 ft (∼36). The AIR fluctuates within the middle member until an increase in the AIR at about 185 ft (∼56 m) marks the boundary of the middle-lower member, indicating episodic PZA similar to the upper Woodford member. The AIR variations within the middle member correlate with higher gammacerane ratios Table 7 .
and lower Pr/Ph ratios, supporting the relationship between water stratification, hypersalinity, redox conditions, and aryl isoprenoid distributions. To better define this relationship for the Woodford Shale samples, a plot of AIR versus Pr/Ph was constructed according to the guidelines proposed by Schwark and Frimmel (2004) (Figure 16 ). In this diagram, two different groups can be observed. Within group 1, samples of the upper and lower Woodford appear to have experienced similar redox conditions. The cluster encompassing these samples exhibits high AIR and relatively high Pr/ Ph values, indicating the occurrence of episodic PZA. On the contrary, group 2, which is dominated by samples from the middle member, appears to have been influenced by more persistent euxinic conditions during deposition.
Paleoenvironmental Interpretation
The presence of Chlorobiaceae derivatives along the Woodford Shale profile is indicative of PZA. Variations in the AIR indicate episodic PZA for the upper and lower members and more persistent PZA conditions in the middle member. According to Schwark and Frimmel (2004) , the variations in concentration of the aryl isoprenoids in sediments reflect Chlorobiaceae productivity. Therefore, they reflect how much anoxia extended into the photic zone and the stability of water column stratification. Moreover, this information gives indication about fluctuations of the chemocline, as suggested by Sinninghe Damsté et al. (1993) and Brown and Kenig (2004) .
Variations related to depositional environments and type of organic matter within the different Woodford Shale members are summarized with the biomarker ratios presented in Figure 8 . Ratios of the C 30 steranes/C 29 steranes, hopanes/steranes, C 23 tricyclic/C 30 hopanes indicate that the Woodford Shale members are characterized by a mix of terrigenous and marine organic matter, whereas the middle member shows the greatest marine input. Based on Pr/Ph and AIRs, the lower and upper members are characterized by dysoxic to suboxic conditions. In contrast, the middle Woodford shows a predominance of euxinic and/or anoxic conditions. The presence of gammacerane, a biomarker typically associated with hypersaline conditions (Sinninghe Damsté et al., 1995; Peters et al., 2005) , indicates that high water salinity and water density stratification prevailed during most of Woodford Shale deposition, especially for the middle member, which shows higher gammacerane index values. These observations suggest that deposition of the middle member was characterized by higher organic productivity and preservation, where the chemocline was located at shallower depths into the photic zone. On the contrary, during deposition of the lower and upper members, sea level fluctuations produced an intermittent depth change of the chemocline, resulting in episodic euxinia, where oxidative periods degraded part of the organic matter. Paxton et al. (2007) were able to define regressive and transgressive cycles within the Woodford Shale based on gamma-ray readings. Buckner et al. (2009) and Slatt et al. (2011) also established these cycles from the gamma-ray log of the Wyche 1 well in a similar way as Paxton et al. (2007) . Here, an attempt has been made to establish sea level changes during Woodford deposition based on a geochemical parameter called relative hydrocarbon potential (RHP). These observations are also correlated with the regressive-transgressive cycles and the sequence-stratigraphic framework of the Woodford Shale defined by Buckner et al. (2009) and Slatt et al. (2011) .
The RHP is a geochemical parameter derived from Rock-Eval pyrolysis data ([S 1 + S 2 ]/TOC) to (Fang et al., 1993; Singh, 2008; Slatt et al., 2009d) . Fang et al. (1993) were the first to use this parameter to define vertical organic facies changes called vertical organic facies sequence (VOFS). Based on RHP, they established two main VOFSs, rising-upward and falling-upward sequences. The rising-upward VOFS represents a vertical change in organic facies from hydrogen poor to hydrogen rich going up the stratigraphic sequence; it indicates a change from oxic to anoxic conditions (sea level rise), where most of the organic matter is preserved. On the contrary, the falling-upward VOFS represents a vertical change in organic facies from hydrogen rich to hydrogen poor, thus, this VOFS indicates a change from anoxic to oxic conditions (sea level fall), where less organic matter is preserved. From this, definitions of regressive-transgressive cycles can be applied to sequence stratigraphy. The RHP analysis in the Wyche 1 well revealed five falling and five rising stages of sea level in the Woodford Shale (Figure 17 ). These variations in the RHP curve indicate several cycles of transgression and regression that positively correlate with the transgressive-regressive cycles and sequence stratigraphy defined by Buckner et al. (2009) and Slatt et al. (2011) . The base of the lower Woodford is characterized by a major transgression followed by a small regression, which ended with another transgression and the development of a possible transgressive surface of erosion at the lower-middle Woodford boundary. According to the sequencestratigraphic framework proposed by Slatt et al. (2011) , this interval appears to correspond to a transgressive/highstand systems tract (TST/HST) and represents dysoxic to suboxic conditions, as indicated by Pr/Ph ratios and biomarkers. In the case of the middle Woodford, a major transgression is observed related to a possible TST (sea level rise). The Pr/Ph ratios indicate variations in redox conditions; however, the low values suggest that anoxic conditions prevailed during deposition of this member. Krystyniak (2003) reported that the middle member of the Woodford Shale contains higher amounts of uranium compared with the other members. Because it is a redox-sensitive element, uranium is a good indicator for paleoredox conditions and organic productivity. Under reducing conditions, uranium is insoluble and is removed Figure 15 . Summed mass fragmentograms of ions m/z 133, 134 and m/z 217, 218, showing the aryl isoprenoid and sterane distribution for calculation of the C 29 steranes/aryl isoprenoids ratio. Filled square = 2,3,6-trimethyl-substituted aryl isoprenoid. Figure 16 . Pristane (Pr)/phytane (Ph) versus aryl isoprenoid ratio (AIR) plot for the Woodford Shale samples showing two distinctive groups based on variations and degree of photic zone anoxia (PZA) (plot template from Schwark and Frimmel, 2004) .
from sea water and incorporated into organic-rich hemipelagic sediments (Klinkhammer and Palmer, 1991) . Therefore, the elevated amounts of uranium in the middle Woodford Shale indicate an anoxic environment during its deposition. According to Slatt et al. (2011) , the middle-upper Woodford boundary corresponds to a maximum flooding surface and is followed by a general regression, which indicates that deposition of the upper member occurred during a highstand with a high sediment input. Hence, we expected to find that the redox conditions were dysoxic to suboxic during sediment deposition of the upper member, which is exactly what the Pr/Ph ratios and biomarkers showed in this interval.
Woodford Shale deposition was influenced by sea level changes, which in turn affected redox conditions and the extent of anoxia. These variations had a direct effect in the type and amount of organic matter that accumulated and was preserved within the sediments and determined the organic richness of the Woodford Shale in this area. A method that could significantly contribute to complete and further understand these interpretations is to apply this study on a regional context and to integrate and correlate these data with a sequencestratigraphic framework, an approach that has succeeded in other shale gas plays (Singh, 2008; Slatt et al., 2009d) .
CONCLUSIONS
In southeastern Oklahoma, the Woodford Shale is organic rich, with TOC values ranging from 5.01 to 14.81%. These values indicate that this formation is an excellent potential source rock for hydrocarbon generation. According to Rock-Eval data, the Woodford Shale is dominated by type II kerogen, containing oil-and gas-prone marine organic matter. Variations in the high HI values for these samples can be attributed to organic facies variations along the analyzed section.
The Woodford Shale in southeastern Oklahoma is immature, as expressed by measured and calculated R o values and Rock-Eval data. Because of its low maturity and based on observations from similar shale gas plays, it is unlikely that the Woodford Shale has generated large quantities of hydrocarbons in this area.
Biomarker analyses reveal variations in redox conditions and a mix of organic matter input. A comparison of the generated geochemical logs and available geologic data permitted dividing the Woodford Formation into upper, middle, and lower members. A mix of terrigenous and marine organic matter characterizes the three Woodford Shale members, with the middle member showing the greatest marine input.
Integration and correlation of Pr/Ph ratios, AIRs, and RHP indicate that the lower Woodford was deposited under dysoxic to suboxic conditions and episodic periods of PZA during a major transgressive-regressive-trangressive cycle; the middle Woodford was deposited under anoxic conditions and persistent PZA during a major transgression (sea level rise); and the upper Woodford was deposited under dysoxic to suboxic conditions and episodic PZA during a general regression (HST with high sedimentation rate). These interpretations are consistent with a sequence-stratigraphic framework already proposed for the Woodford Shale in the study area.
High-salinity conditions and water density stratification also prevailed during deposition of the Woodford Shale. The chemocline was located at shallower depths during middle Woodford deposition and fluctuated within different depths during deposition of lower and upper members.
The RHP ratio constitutes a valuable parameter for evaluating sea level changes that can be linked to regressive-transgressive cycles and consequently to temporal variations in depositional environments. Correlation of this parameter to biomarker analysis and geologic data can be effective in establishing sequence-stratigraphic frameworks, especially in shale gas plays.
APPENDIX: EXPERIMENTAL METHODS
Preliminary Sample Treatment
All the samples were washed with hot water, distilled water, and a 1:1 mixture of dichloromethane (CH 2 Cl 2 ) and methanol (CH 3 OH) to remove any contaminants (e.g., drilling mud, plastic wrap, and handling). After the samples were completely air-dried, they were crushed with a porcelain mortar and pestle until fine powder was obtained for screening analysis (TOC and Rock Eval) and Soxhlet extraction.
Total Organic Carbon and Rock-Eval Pyrolysis
Twenty crushed rock samples were sent to Humble Geochemical Services for TOC determination and Rock-Eval pyrolysis. Approximately 1 g of each sample was needed to perform these analyses. 
Vitrinite Reflectance
Extraction and Fractionation
A Soxhlet extraction device was preextracted for 24 hr using a 1:1 mixture of dichloromethane (CH 2 Cl 2 ) and methanol (CH 3 OH) to remove contaminants. Samples (50 g) were extracted with the same solvent mixture for 24 hr. The excess solvent from the bitumen extract was evaporated using a rotary evaporator, and the residues were transferred to a glass centrifuge tube for asphaltene precipitation. The extract was separated into maltenes and asphaltenes by adding an excess of n-pentane (C 5 H 12 ). The centrifuge tubes were placed in a freezer overnight to promote complete asphaltene precipitation. The maltene fractions were transferred to 250-mL roundbottom flasks to evaporate the solvent excess and then placed in vials. This fraction was then diluted in a ratio of 2-mg sample/ 50 mL hexane (C 6 ) for fractionation into saturates; aromatics; and nitrogen, sulfur, oxygen compounds (resins) by highperformance liquid chromatography in a Hewlett Packard 1050 series HPLC. The saturate and aromatic fractions were diluted using 1 mL of dichloromethane per 3 mg of sample.
The n-alkanes were removed from the saturate fraction through molecular sieving. A Pasteur pipette was packed with approximately 2 g of HI-SIV 3000, and three bed volumes of C 6 were added to remove impurities. The sample was added to the column, and it was allowed to stand for 2 min. Then three additional bed volumes of C 6 were used to elute the sample. The n-alkanes were retained in the sieve whereas the branched and cyclic compounds eluted from the column. This fraction was also diluted with 1 mL of dichloromethane/ 3 mg of sample.
Gas Chromatography
The instrument used for GC analyses was an Agilent 6890 series gas chromatograph with a split-splitless capillary injection system equipped with a 100 m × 0.25 mm (internal diameter) J&D Scientific DB-1 Petro 122-10A6 fused silica capillary column coated with a 0.5-mm liquid film. The temperature program for analyses started with an initial temperature of 40°C, with 1.5 min hold time. The temperature was increased to 310°C at a rate of 4°C/min followed by an isothermal period of 31 min for a total run of 100 min. The injector and flame ionization detector temperatures were set at 300 and 310°C, respectively. Samples were analyzed in splitless mode injection using helium as the carrier gas and a flow rate of 0.5 mL/min.
Gas Chromatography-Mass Spectrometry
The GCMS analyses were conducted with a Varian 3400 GC inlet system coupled to a Finnigan MAT 70 triple-stage quadrupole mass spectrometer. For biomarker analysis, selected ions were chosen to analyze samples in single ion monitoring or multiple ion detection mode. The mass spectrometer operated with one quadrupole in the single-stage mode.
The ion source operated in an electron impact mode with energy of 70 eV. The GC used a 60 m × 0.32 mm (internal diameter) J&D Scientific DB-5 fused silica capillary column coated with a 0.25-mm liquid film. The temperature program for the analyses started at 40°C, with 1.5 min hold time and was later increased to 310°C at a rate of 4°C/min and then held isothermal for 31 min. The ion source temperature was 200°C, the injector temperature was 300°C, and the transfer line temperature was 310°C.
